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INTRODUCTION 
Titanium matrix composites (TMCs) reinforced with silicon carbide fibers have received considerable 
attention due to their attractive specific strength and stiffness. In comparison with polymeric matrix 
composites, TMCs are much higher in strength and stiffness and can take much higher temperature. However, 
there are several distinctive phenomena that contribute to the material degradation. One of them is interphase 
oxidation. 
Oxidation is defined as a chemical reaction between a material and gaseous oxygen to form the oxide 
material. The oxide material can be either solid or gas, depending on whether the oxide evaporates. The 
oxidation of TMCs fiber/matrix interphase has been proven extremely harmful to the composite system. It 
can reduce the interphase strength and consequently reduce the strength and stiffness of the composite 
structures. It may also potentially introduce other forms of damage such as matrix microcracking initiated at 
oxidized interphase and fiber breakage. 
The studies for interphase oxidation in TMCs have been limited despite its importance. Marcus et al. 
[1] systematically studied the interface of metal matrix composites (Ti-6AI-4V/SiC) including interface 
oxidation. More recently, Das et al. [2] extensively studied the interphase oxidation under elevated temperature 
using scanning electron microscope. Blatt et al. [3] investigated the effect of thermal/mechanical fatigue 
loading on interphase oxidation. In their paper, the observation of the stress effect on oxidation rate was first 
indicated. In this study we focus our attention on the interphase oxidation mechanisms and the effect of stress 
level on the interphase oxidation rate. It is desirable that such an investigation will lead to a better 
understanding of the mechanisms of interphase oxidation as well as stress effect on interphase oxidation. 
ANALYSIS 
For the composite system of TMCs, there exists a possibility of oxidation of all the elements: 
titanium matrix, silicon carbide fibers, and fiber/matrix interphase. But if we limit the temperature to 
approximately 500' C to 700' C, the oxidation of titanium matrix and silicon carbide fibers do not happen or 
are not significant [2]. This allows us to eliminate the possibility of matrix and fiber oxidation, and 
consequently to assure that the ultrasonic scanning image is the image of interphase oxidation only. 
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Because of the mismatch of coefficients of thermal expansion (CTEs), the residual stresses between 
fiber and matrix at any below processing temperature always exist. Figure I clearly indicates that oxidation 
distances along the edge of notch, where normal stresses perpendicular to notch surface due to applied load are 
negligible, are much smaller than the oxidation distances along the matrix crack induced by the notch due to 
fatigue, forming a tree like image. This phenomenon is contributed by fiber bridging. Unlike the fracture in 
some polymeric matrix composites, matrix cracking in TMCs does not necessarily suggest the breakage of 
fibers at the crack surface, especially at early stage of matrix cracking. As a result, the fiber bridging is 
equivalent to external stresses applied on the fibers at stress free crack surface. The closer to the crack tip, the 
smaller the fiber bridging effect. The oxidation distances vary accordingly. This suggests that stress level 
significantly affect the oxidation rate. The suggestion is further supported by the distribution of oxidation 
distances of the fibers around an open hole illustrated in Fig. 2. From this figure we can evidently point out 
the relation between oxidation distance and local stress level. Only exceptions are a few fibers with much 
higher oxidation distance, which can be attributed to bad consolidation during process. 
For the composites of titanium matrix (e.g., Ti-6AI-4V) reinforced with silicon carbide fibers (SCS-
6), the structure of interphase is composed of several layers including inner and outer carbon rich layers (1.6-
2.1 Jlm) which take the majority thickness, and TiC layer (1-1.3 Jlm) [4]. These carbon rich interphase layers 
are the result of two sources: the carbon coating originally on the fiber and the oxidation of silicon carbide 
during process [5]. If the interphase carbon rich layers totally evaporate during oxidation, it will form a gap. 
When being cooled down to room temperature, the gap is not yet filled by the relief of residual stress caused 
by mismatch of the CTEs of fiber and matrix. 
As observed in Ref. 3, the only oxygen source is from the fiber cut-off surface along the open hole, 
the matrix cracks, or the notch. Therefore, at the temperature range mentioned earlier the oxidation rate is 
actually controlled by the oxygen diffusion into the interphase [1]. There are many factors that affect the 
interphase diffusion rate, including temperature, exposure time, thermal/mechanical fatigue loading, and local 
stress level, etc. Using the assumptions that the interphase is one-dimensional, half infinite medium and 
undergoes the diffusion of a constant concentration of oxygen, the theoretical model for stress assisted 
diffusion has been developed, similar to the model in Refs. 7 and 8, according to following steps: 
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Figure 2: Oxidation along the edge of open hole. 
I) Modify the Fick's first law of diffusion to consider the stress effect: 
ac -D a [ac _CF] 
T- dxdx IT 
a2c F ac c aF 
= D[ ax2 - kT ax - kT a) 
Boundary and initial conditions: 
x=o , C = Co 
x ~oo, C~O 
t;S;O, C=O (for x>O) 
(1) 
where C, D, F, k, T are the oxygen concentration, diffusion coefficient, force, Boltzmann's constant, and 
temperature respectively; x and t are distance and time. 
2) Use Laplace transform to solve the differential equation from Fick's law for the solute concentration: 
(2) 
3) Obtain the diffusion propagation rate for given concentration: 
Equation 2 can be simplified as following, if both x and t are greater than zero. 
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where C* is defined as the oxidation concentration that leads to oxidation, X is the oxidation distance, and f is 
the inverse function of the error function erfc. 
The stress assisted diffusion of thin polymer film has been discussed in detail in Ref. [8]. It is shown 
that the diffusion propagation rate is the linear combination of two terms. The first term is proportionate to 
the square root of time that coincides with the general diffusion model without considering the stress effect. 
The second term is linearly proportionate to time that is solely contributed by local stress. This expression 
has been used extensively, including in Ref. [3]. 
However, we need to consider the effect of gasification of oxide. In reality, oxidation occurs earlier 
than we can detect using acoustic microscope. At the stage that we observe the oxidation, the interphase has 
been at least partially gasified and consequently a gap has formed. The gap provides an extra access for oxygen 
to get into the interphase and promotes a further interphase oxidation. If the diffusion-with-oxide-gasification 
is considered, the aforementioned differential equation will be modified to consider this effect, which 
undoubtedly will further complex the problem. If we ignore any oxidation before we can observe it, and 
consider the oxidation is complete after we can observe it, we then assume that oxygen can freely contact the 
interior unoxidized interphase. In other words, we will be able to move the reference frame with the oxidation 
demarcation point. Thus it becomes a simple moving boundary problem. With the assumption of half infinite 
diffusion medium, the oxidation rate will be, defined as X', a constant: 
(4) 
Finally we obtained the expression for interphase oxidation Xo: 
(5) 
where to is the time when interphase oxidation is first observed. 
Xo is the combination of two terms: the primary oxidation distance and excessive oxidation distance. 
The first term is the original oxidation and the second term is the only contribution of stress. It is obvious 
that using second term is much easier for solving the problem. 
MATERIAL AND EXPERIMENT 
The results of TMCs damage, fatigue crack propagation, interphase oxidation under isothermal and 
fatigue loading have been presented in Ref. 9 in detail. In this study we concentrated on the interphase 
oxidation prior to any fatigue crack initiation, for the existence of any crack will certainly complex the stress 
state. 
We use the results of interphase oxidation of a four ply [0/90]s sample of SCS-6ITi-15Mo-3Nb-3AI-
0.2Si, commercially known as TiMetal (see Fig. 2). The 19 mm wide and 0.86 mm thick sample has an open 
hole with a diameter of 3.1 mm at the center. It underwent mechanical fatigue with maximum applied stress 
of 200 MPa (R=O.I) and 1 Hz at isothermal condition of 560· C. The Scanning Acoustic Microscope results, 
shown in Fig. 2, were the interphase oxidation distributions around the open hole after 1.54X105 cycles or 
approximately 43 hours. The surface crack at upper half of the sample reached an extension of 2.36 mm. The 
crack at the lower half, however, only extended out 0.54 mm. The crack in shorter length will have minimum 
effect on the stress distribution around the hole. Therefore, the results at this half will be used for analysis. 
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NONDESTRUCTIVE EVALUATION METHOD 
The fundamental advantage of nondestructive evaluation method is to allow us to examine the inside 
of composites without destroying the material. The other techniques used for examining the material inside 
damage, e.g., polishing or chemical etching, are likely to introduce extra microscopic scale damage to the 
material. 
We used ultrasonic nondestructive evaluation techniques to determine the extent of environmental 
damage to the composites. Before the mechanical/isothermal test, the possible manufacture defects in the 
samples were examined using low frequency longitudinal wave through-transmission C-scan technique. This 
technique is a global method that detects any kinds of damage or manufacture defects, on the top or in the 
interior, in macroscopic scale. We use this technique for assessment of the quality of consolidation and 
examination of manufacture defects like fiber swinging, fiber breakage, matrix voids, etc. prior to any 
mechanical or thermal test. After the sample was C-scanned, we further used Scanning Acoustic Microscope 
(SAM) to image the top plies of the sample. The purpose is to further assure the quality of the top plies, 
which would be used later for oxidation imaging. 
Scanning Acoustic Microscopy is a relatively new ultrasonic technique [10]. A SAM transducer is a 
device with a large aperture and excellent focusing properties on its axis. It can be used for focusing on surface 
as well as subsurface microscopic defects. The imaging of subsurface interphase oxidation is one of the 
successful examples of SAM subsurface defects detection. The SAM scans the sample line by line with very 
fine ultrasonic beam at relatively high frequencies for fine resolution. In our case the transducer frequency is 
50 MHz. 
STRESS ANALYSIS 
A three dimensional finite element analysis (FEA) was performed, using commercially available 
ANSYS finite element package, to obtain the stress distributions along the open hole. In the finite element 
analysis, the assumption of the composites being homogeneous and anisotropic was made. The material 
elastic and thermal constants of fiber and matrix are listed below: 
Matrix 
Fiber 
Young's Modulus 
(GPa) 
117.0 
413.0 
Thermal Expansion Coefficient 
(XIO-6 tc) 
4.58 
9.94 
The volume fraction of fiber is experimentally obtained as 0.37. 
The composite mechanical and thermal properties are obtained using Halpin-Tsai equation and 
Schapery's equation [II] respectively. 
The finite element mesh is designed such that not only the normal stress but also the derivative of 
the normal stress in fiber direction can be obtained. The distributions of the normal stress in top ply fiber 
direction, which is also the loading direction, and its derivative in fiber direction are shown in Fig. 3. 
Since our interest is the stress state of thin layer of interphase, it is ideal if the FEA can get into the 
detail of stresses in fiber, matrix and interphase individually. However, it is currently not realistic due to the 
limited computational resources. What we can do is to use the assumption of an anisotropic but homogeneous 
material for each ply of composites for FEA. After the stress state is obtained, we then go further for the 
stress state at interphase. It is certainly not the most accurate assessment, but we can use a simple model to 
maximize the accuracy. 
We take a unit of prism of matrix with a fiber at the center (see Fig. 4). The side faces of the prism 
define the dividing plane with other single fiber units. It is assumed that the unit is small enough that the 
deformation on the unit is uniform. According to the assumption, we have stress equilibrium equation and 
strain continuity equation as follows: 
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Figure 3: Distributions of stress and stress derivative in fiber direction along the hole. 
O"yA=O"fAf+O"mAm+O";A; 
O"y = O"fVf + O"m(l-Vf) (6a, b) 
(7) 
where A and E are cross-section area and Young's modulus; f, m, i present fiber, matrix, and interphase 
respectively; and Vf is the fiber volume fraction. Because the thickness of the interphase is relatively small, 
the last term in Eq. 6a is ignored. AriA is equal to the volume fraction 0.37. Using Young's moduli of fiber, 
matrix and interphase as 413.0 OPa, 117.0 OPa and 65.1 OPa [12] (assuming that Poisson's ratio and 
thickness of the interphase is 0.3 and 3 j.!m respectively), we obtain that the normal stress at the interphase is 
approximately 29% of local stress. It is needed to note that as long as oxidation occurs, the original stress 
state is no longer valid. The further the oxidation propagates, the poorer the representation of the original 
stress state will be. 
Fiber 
Figure 4: Schematic of prism model for interphase stress. 
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MODELING OF STRESS ASSISTED DIFFUSION 
It is important to note that in the model of stress assisted diffusion, it is the molecular force that 
promotes the diffusion . Due to the nature of the carbon rich layers of interphase, it is understood that van der 
Waals physical bond is the primary type of bonding between so-called the blocks of turbostratic carbon [13]. 
We believe that it is the increase of van der Waals bond energy that promotes the oxygen diffusion into the 
interphase. The van der Waals bond energy theory for carbon molecules can be expressed as [14] 
e = 0.397 KJ I mol 
a=0.345nm 
where E and R are energy and molecular distance. 
(8) 
Now we focus on the relationship between interphase stress and molecular force. We divide our effort 
into three steps. First we obtain the molecular distance Ro without external force. Next we use the equation 
that strain energy of interphase due to the applied stress is equivalent to the increase of van der Waals bond 
energy. This relation leads to obtaining ~R - the increase of molecular distance due to the applied stress. 
Finally we can obtain the molecular force using F=dEldR. 
RESULTS AND DISCUSSIONS 
Table I shows the results of the interphase oxidation study. The first two columns are the data of 
experimental results obtained using acoustic microscope. The second two columns are the results of stress and 
its derivative around the open hole obtained using finite element analysis. The last column shows the 
coefficients of oxygen diffusion into the interphase, which were obtained using the developed model of 
interphase oxidation together with experimental and finite element studies. The angles indicate the fiber 
positions around the open hole. 
The coefficient of diffusion is expected to be a constant at given temperature and concentration. 
However, the results show a general trend that the coefficient decreases with the increase of the angle. The 
explanation can be as follows. The results in Fig. 3 show a high stress concentration at the high degree 
region. As mentioned earlier, this stress concentration will relieve after oxidation occurs, since the gasification 
of interphase will reduce the role played by fibers. However, in finite element analysis for stress assessment 
this stress relief is not considered. Therefore we claim that the coefficients obtained at lower degree region are 
more accurate. 
Experimental 
/~ 
Angle Excessive 
n pXid. Distance jmm). 
29.0 0.9 
35.9 1 .5 
43.9 1.7 
61 .0 3 .9 
29.0 0.4 
35.9 1.2 
43.9 1.9 
52.3 2 .8 
Table I: Results for diffusion coefficients. 
Finite Element 
Stress Stress 
(MPa) Derivative (MPalmm) 
12.71 128.5 
38.51 114.1 
95.86 11 .33 
332.9 -544.3 
12.71 128.5 
38.51 114.1 
95.86 11 .33 
190.2 -218.9 
Calculated using Experimental 
and FEA results 
/ 
D 
(cm1sec) 
(xl0·12 ) 
8.2 
8.5 
4.6 
3.2 
3.7 
6.7 
5.0 
3.8 
Right side 
of sample 
Left side 
of sample 
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It is interesting that the acoustic microscope images (see Figs. 1 and 2) showed a clear demarcation 
between the oxidized interphase and unoxidized interphase. The top ply of the sample used in Ref. 3 was 
etched off to observe the interphase degradation. It was found that the transition between unoxidized interphase 
and gasified interphase is abrupt. This transition precisely corresponds to the transition observed using 
acoustic microscope. This tends to not only confirm the results obtained using acoustic microscope but also 
illustrate the usefulness and successfulness of acoustic microscope in interphase oxidation research. 
CONCLUSIONS 
The purpose of this study is to have a better understanding of the mechanisms of interphase oxidation 
and the role played by local stress on interphase oxidation. Using SAM we have obtained the experimental 
results for interphase oxidation. Using finite element method we have obtained the stress distribution. And 
using the developed model, we are able to predict the interphase oxidation under the influence of local stress. 
Further, the primary motivation for this study is that interphase oxidation can be successfully 
detected using acoustic microscopy. In fact, if we want to have successive interphase oxidation research, 
acoustic microscopy is the only answer. 
Generally speaking, interphase oxidation is very complex problem. The case we have researched is 
rather simple, since at the temperature range of our oxidation test the oxidations of fiber and matrix are 
insignificant. Further, there are many assumptions used in the modeling and some of them may not represent 
the real situation under different circumstances. Therefore, a lot more studies especially more detailed 
experiments are necessary in order to have a quantitative and detailed understanding of the interphase oxidation 
mechanisms. 
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